Sigma (s) receptors have been implicated in the behavioral and motivational effects of alcohol and psychostimulants. Sigma receptor antagonists reduce the reinforcing effects of alcohol and excessive alcohol intake in both genetic (alcohol-preferring rats) and environmental (chronic alcohol-induced) models of alcoholism. The present study tested the hypothesis that pharmacological activation of s-receptors facilitates ethanol reinforcement and induces excessive, binge-like ethanol intake. The effects of repeated subcutaneous treatment with the selective s-receptor agonist 1,3-di-(2-tolyl)guanidine (DTG; 15 mg/kg, twice a day for 7 days) on operant ethanol (10%) self-administration were studied in Sardinian alcohol-preferring (sP) rats. To confirm that the effect of DTG was mediated by s-receptors, the effects of pretreatment with the selective s-receptor antagonist BD-1063 (7 mg/kg, subcutaneously) were determined. To assess the specificity of action, the effects of DTG on the self-administration of equally reinforcing solutions of saccharin or sucrose were also determined. Finally, gene expression of opioid receptors in brain areas implicated in ethanol reinforcement was analyzed in ethanol-naive sP rats treated acutely or repeatedly with DTG, because of the well-established role of the opioid system in alcohol reinforcement and addiction. Repeatedly administered DTG progressively and dramatically increased ethanol self-administration in sP rats and increased blood alcohol levels, which reached mean values close to 100 mg% in 1 h drinking sessions. Repeated DTG treatment also increased the rats' motivation to work for alcohol under a progressive-ratio schedule of reinforcement. BD-1063 prevented the effects of DTG, confirming that s-receptors mediate the effects of DTG. Repeated DTG treatment also increased the self-administration of the non-drug reinforcers saccharin and sucrose. Naive sP rats repeatedly treated with DTG showed increased mRNA expression of m-and d-opioid receptors in the ventral tegmental area. These results suggest a key facilitatory role for s-receptors in the reinforcing effects of alcohol and identify a potential mechanism that contributes to binge-like and excessive drinking.
INTRODUCTION
Sigma (s) receptors have long been hypothesized to be a novel neuropharmacological target with psychotherapeutic potential. They were originally categorized as members of the opioid receptor family (Martin et al, 1976) and highaffinity phencyclidine binding sites (Quirion et al, 1992) . However, more recent data demonstrate that s-receptors are unique binding sites that differ from other known mammalian proteins (Gundlach et al, 1986; Walker et al, 1990) . Sigma receptors were recently identified as novel ligand-operated molecular chaperones expressed predominantly at the endoplasmic reticulum subdomain that apposes mitochondria (ie, the mitochondria associated endoplasmic reticulum membrane; Hayashi and Su, 2007) . Sigma receptors are highly dynamic under certain conditions in which they are translocated from the mitochondria associated endoplasmic reticulum membrane to loci close to the plasma membranes (eg, plasmalemma; Su, 2003, 2007) . Through this mechanism, s-receptors may regulate cellular events at the plasma membranes, including calcium flux, neurotransmitter release, neurotrophic factor signaling, and the opening of voltage-gated ion channels (Aydar et al, 2002; Hayashi and Su, 2008; Herrera et al, 2008) .
Several structurally unrelated molecules have been proposed as endogenous s-receptor ligands, including neurosteroids (eg, dehydroepiandrosterone and progesterone), neuropeptide Y, calcitonin gene-related peptide, and more recently the trace amine N,N-dimethyltryptamine (Fontanilla et al, 2009; Maurice et al, 1999; Su et al, 1993) . Two different s-receptor subtypes are currently known, s-1 and s-2, which differ in their binding profiles and molecular sizes. Only the s-1 subtype has been cloned (Hanner et al, 1996; Hellewell and Bowen, 1990; Moebius et al, 1993) .
The activation of s-receptors has been shown to result in the modulation of multiple neurotransmitter systems, such as glutamatergic, cholinergic, noradrenergic, and dopaminergic (Ault et al, 1998; Ault and Werling, 1999; Gronier and Debonnel, 1999; Skuza and Kolasiewicz, 2001; Su and Hayashi, 2003; Weatherspoon et al, 1996) . In the rat brain, s-receptors are widely expressed in the limbic system and brainstem, with the highest levels seen in the olfactory bulb, hypothalamus, and hippocampus. The ventral and dorsal striatum, amygdala, ventral tegmental area (VTA), and locus coeruleus also show moderate to intense s receptor immunoreactivity (Alonso et al, 2000; Bouchard and Quirion, 1997) .
A growing body of evidence shows that s-receptor antagonists block several effects induced by psychostimulants and ethanol, suggesting that the activation of s-receptors contributes to drug-induced motivational effects. Sigma receptor antagonists block psychostimulantinduced locomotor activation, psychostimulant-induced conditioned place preference (CPP), and cue-induced reinstatement of cocaine-seeking behavior, although they do not appear to decrease cocaine self-administration Martin-Fardon et al, 2007; Matsumoto et al, 2003; Maurice et al, 2002; Nguyen et al, 2005; Takahashi et al, 2000) . Sigma receptor antagonists attenuate ethanol-induced locomotor activity and block the acquisition of ethanol-induced conditioned place preference (Maurice et al, 2003) . Our laboratory has shown that s-receptor antagonists reduce operant ethanol selfadministration and home-cage drinking in conditions of high baseline drinking (ethanol-dependent and genetically selected alcohol-preferring rats), decrease the motivation to work for ethanol in a progressive-ratio schedule of reinforcement, and attenuate the increased drinking associated with the alcohol deprivation effect (Sabino et al, 2009a, b) .
Much research has studied the ability of s-receptor antagonists to attenuate the rewarding and reinforcing effects of drugs of abuse, but very little is known about the behavioral effects of s-receptor agonists in relation to drugs of abuse and alcohol. Sigma receptor agonists do not substitute for cocaine in subjects trained to discriminate cocaine from saline injections (Ukai et al, 1997) . Sigma receptor agonists, such as 1,3-di-(2-tolyl) guanidine (DTG), PRE-084, igmesine, and some neurosteroids that act as s-receptor agonists, have been shown to be ineffective in inducing CPP when given alone, but to facilitate the CPP induced by cocaine (Maurice and Romieu, 2004; Romieu et al, 2000; Romieu et al, 2002) . The s-receptor agonists dehydroepiandrosterone and igmesine also can reactivate cocaine-CPP ). Finally, s-receptor agonists shift the dose-response curve for cocaine self-administration to the left and are actively self-administered by rats with a history of cocaine selfadministration (Hiranita et al, 2010; Hiranita et al, 2009) . In a study designed to investigate the effects of s-receptor agonists on the rewarding properties of alcohol, Maurice et al (2003) showed that the s-receptor agonist PRE-084 dose-dependently enhanced the CPP induced by a low dose of ethanol.
Therefore, the purpose of the present study was to test the hypothesis that pharmacological activation of s-receptors facilitates the reinforcing effects of ethanol. Specifically, s-receptor agonists were expected to potentiate the reinforcing action of alcohol and result in excessive alcohol drinking. To test this hypothesis, we examined the effects of repeated treatment with the selective s-receptor agonist DTG on operant ethanol self-administration in Sardinian alcohol-preferring (sP) rats. To confirm that the effect of DTG was mediated by s-receptors, the effects of the pretreatment with the selective s-receptor antagonist BD-1063 were determined. To assess the specificity of action for ethanol, the effects of DTG on self-administration of equally reinforcing solutions of saccharin (non-caloric) or sucrose (caloric) were also determined. Finally, gene expression of the three opioid receptors was analyzed in reward-related brain areas of ethanol-naive sP rats treated acutely or repeatedly with DTG and compared with that of vehicle-treated sP rats.
The present series of studies were performed in sP rats. Our line of sP rats descend from the original line that were selectively bred from a Wistar stock by Prof GL Gessa (University of Cagliari, Italy). The selectively bred sP rat (Colombo, 1997) provides a model with significant face validity for alcoholism (Colombo et al, 2006; McBride and Li, 1998) , as the sP rat voluntarily drinks high quantities of ethanol and has a heritable component similar to human ethanol dependence Cloninger et al, 1981; Prescott and Kendler, 1999; Sigvardsson et al, 1996) . sP rats meet most of the fundamental criteria for an animal model of alcoholism (Colombo et al, 2006) , and earlier work has established predictive validity for identifying potential pharmacotherapies for alcoholism.
MATERIALS AND METHODS

Animals
Genetically selected adult male sP rats (300-350 g at study onset) were subjects in this study. Rats were housed in groups of two-three per cage in a humidity-and temperature (221C)-controlled vivarium on a 12-h lightdark cycle (lights off at 10 : 00 am) with water and regular rodent chow available ad libitum. Experiments were conducted during the rats' dark cycle. Different sets of rats were used for each experiment. All experimental procedures adhered to the guidelines of the National 
Drugs
Ethanol solution (10% v/v) was prepared using 95% ethyl alcohol and tap water. Saccharin and sucrose solutions (0.04 and 1.5% w/v, respectively) were prepared using sucrose or saccharin sodium salt hydrate (both from Sigma Aldrich) and tap water. DTG was purchased from Tocris Bioscience (Ellisville, MO); BD-1063 was synthesized as previously described by KCR (de Costa et al, 1993) . DTG was suspended in isotonic saline with a few drops of Tween-20; a dose of 15 mg/kg was administered subcutaneously in a volume of 2 ml/kg of body weight twice a day (right before the dark cycle onset and at the end of the dark cycle); for the antagonist reversal study, a dose of BD-1063 without intrinsic action on ethanol self-administration (7 mg/kg) was dissolved in isotonic saline and administered subcutaneously in a volume of 1 ml/kg, 15 min before the DTG administration. The dose of BD-1063 was chosen on the basis of our previous work on sP rats (Sabino et al, 2009a, b) ; doses of DTG were on the basis of the literature Skuza and Rogoz, 2007; Ajmo et al, 2006; Rawls et al, 2002) , and on preliminary observations. Both fixed ratio-1 (FR1) and progressive ratio (PR) selfadministration sessions occurred approximately 4 h after the last injection.
Apparatus For Operant Oral Ethanol Self-Administration
The test chambers used for operant oral self-administration (Coulbourn Instruments, Allentown, PA) were located in sound-attenuating, ventilated environmental cubicles. Syringe pumps (Razel Scientific Instruments, Stamford, CT) dispensed ethanol or water into two stainless steel drinking cups mounted 4 cm above the grid floor in the middle of one side panel. Two retractable levers were located 4.5 cm to either side of the drinking cups. Fluid delivery and recording of operant responses were controlled by microcomputers.
Self-Administration Procedure: Fixed Ratio sP rats were trained to self-administer 10% v/v ethanol, as previously reported, without any fading procedure (Sabino et al, 2009a) , under a continuous FR1 schedule of reinforcement, wherein each response resulted in the delivery of 0.1 ml of fluid. Briefly, sP rats were first allowed continuous (24-hr/day) two-bottle choice access to ethanol (10% w/v) and water in their home cages for 2 weeks, and then allowed limited daily access (1-h/day) for 6 days. Rats were then allowed overnight (16 h) two-choice operant access to ethanol or water with chow available ad libitum. Following this initial overnight session, all subsequent ethanol self-administration daily sessions were 60 min in duration. Lever presses had no scheduled consequences for 2.01 s after the activation of the pumps to avoid double responses, as previously reported (Sabino et al, 2006) . For saccharin or sucrose self-administration, separate sets of sP rats were used; rats were trained to self-administer either saccharin (0.04% w/v) or sucrose (1.5% w/v) solutions under an FR1 schedule during 60-min FR1 sessions (Sabino et al, 2009a) . These concentrations maintained response rates similar to those elicited by ethanol. During all sessions, rats were also allowed to press for water (0.1 ml) on the opposite lever (FR1). Testing began when performance stabilized (o15% variation across three consecutive sessions).
Self-Administration Procedure: Progressive Ratio
A different set of rats were trained to self-administer 10% v/v ethanol under a PR schedule of reinforcement. Under this schedule, the number of responses required to produce one delivery of ethanol increased with successive deliveries based on the following exponential progression: response ratio ¼ 4 Â (e # of reinforcer*0.1 )À3.8, rounded to the nearest integer as in Sabino et al (2009a) . The session was defined as starting upon completion of the first ratio, with the latency to complete the first ratio recorded as a dependent measure, and set to a maximum of 2 h. To avoid unintended session starts, the first reinforcement required three responses. Thus, the PR schedule was 3, 1, 2, 2, 3, 3, 4, 5, 6, 7, 8, 9, 11, 12, 14, 16, 18, 20, 23, etc. responses; sessions ended when subjects had not completed a ratio for 14 min, as we previously reported (Sabino et al, 2009a; Walker and Koob, 2007; Gilpin et al, 2010) , with the last completed ratio defined as the breakpoint. Responses on the inactive lever were also recorded. Testing began when performance stabilized (o15% variation across three consecutive sessions).
Procedure for Blood Alcohol Levels Determination
To determine blood alcohol levels that resulted from selfadministration, blood samples (50 ml) were collected from the tip of each rat's tail, 25 min after the beginning of the FR1 self-administration session on day 8 of treatment. After centrifugation, plasma was assayed for alcohol content by injection into an oxygen-rate alcohol analyzer (Analox Instruments, Lunenburg, MA).
Quantitative Real-Time PCR (qPCR)
To determine the effect of repeated s receptor agonist administration on opioid-receptor gene expression in the VTA and in the nucleus accumbens (NAcc), key rewardrelevant brain regions, ethanol naive sP rats were divided into three groups matched for body weight and assigned to control, acute DTG, and chronic DTG conditions. Rats in the control and the chronic DTG groups received vehicle and DTG treatment, respectively, twice a day for 7 days; those in the acute DTG group received 13 vehicle injections per the same schedule followed by a final, single injection of DTG. Five hours after the last injection, corresponding to the time of self-administration sessions in the behavioral experiments, rats were anesthetized with isoflurane and immediately decapitated. Brains were removed and sliced (2 mm slices) in a rat brain matrix; the regions of interest were then punched with a 14-gauge needle and kept frozen at À801C until processing. Master-plus SYBR Green mix (Roche Applied Science, Indianapolis, IN) was used. Reactions were carried out in a 20 ml volume using a 96-well plate Realplex 4 machine (Eppendorf); the primers (used at a final concentration of 0.5 mM) were synthesized by Valuegene (San Diego, CA), using a standard desalting purification method.
Fragments were amplified using a three-step RT-PCR protocol that included an initial 94 1C for 5 min step to activate Taq polymerase, followed by 40 cycles of amplification. The conditions of the reactions and sequences of the primers are listed in Table 1 . Standard curves were constructed using purified and sequenced fragments. The results were analyzed by the second derivative methods and are expressed in arbitrary units normalized by the expression levels of the reference gene, Cyclophilin A.
The standard curve and the samples were analyzed in duplicate; qPCR reactions for each brain region were performed in different runs. Gene-specific amplification was determined by melting curve analysis as one peak at the expected melting temperature and by agarose gel electrophoresis.
Statistical Analysis
Intake data were analyzed by analysis of variance (ANOVA) and are expressed as mean ± SEM, normalized for body weight (ie, ethanol, g/kg; water, ml/kg). The effects of DTG on ethanol, sucrose, and saccharin self-administration were analyzed by a two-way ANOVA, with DTG treatment as a between-subjects factor and day as a within-subjects factor.
The data resulting from the antagonist reversal experiment were analyzed using a three-way ANOVA, with agonist and antagonist treatment as between-subjects factors and day as a within-subjects factor. Data resulting from the gene expression qPCR experiment were analyzed using a one-way ANOVA with DTG treatment as a betweensubjects factor. Pairwise post-hoc comparisons were made using Student's t test (to compare performance between two groups) or Dunnett's test for all other comparisons vs vehicle conditions, after significant omnibus effects (po0.05).
RESULTS
Repeated DTG Administration Increases Ethanol Self-Administration (Fixed Ratio 1) Figure 1 shows how repeated treatment (7 days) with the s-receptor agonist DTG (15 mg/kg, twice a day) affected ethanol intake in sP rats under an FR1 schedule of reinforcement (DTG: F(1,14) ¼ 12.97, p ¼ 0.003; day Â DTG: F(6,84) ¼ 9.61, p ¼ 0.000; day: F(6,84) ¼ 8.87, p ¼ 0.0001). Post-hoc comparisons showed that DTG-treated rats consumed significantly more ethanol than vehicle-treated rats beginning from day 4 of treatment and reached a 92% increase vs controls during the last self-administration session. Water intake was not significantly affected by DTG treatment (DTG: F(1,14) ¼ 3.81, n.s.; day Â DTG: F(6,84) ¼ 1.54, n.s.) ( Table 2) .
The inset of Figure 1 shows that blood alcohol levels, measured 25 min after the beginning of the self-administration session on day 8 of treatment, were significantly higher in the DTG-treated group compared with controls (104% increase: mg/dl, 46.36±9.55 vs 94.46±14.96, vehicle vs DTG, respectively; ethanol intake after 25 min of session: g/kg, 0.82 ± 0.11 vs 1.44 ± 0.18, vehicle vs DTG, respectively). DTG was administered twice daily, with the morning drug treatment preceding the self-administration session by at least 4 h, thereby reducing possible acute effects of the drug. Pretreatment with the s-receptor antagonist BD-1063*2 HBr, administered at a dose that has no effect on alcohol intake per se (4.4 mg/kg, based on the free base molecular weight), completely prevented the DTG-induced increase in ethanol self-administration (DTG Â BD-1063: F(1,28) ¼ 5.16, po0.05; DTG Â BD-1063 Â day: F(6,168) ¼ 1.46, n.s.). Figure 2 shows the cumulative ethanol intake of the groups during the 7 days of treatment.
Repeated DTG Administration Increases the Motivation to Self-Administer Ethanol (Progressive Ratio) In PR conditions, DTG increased the breakpoint and total responses for ethanol even on the first day of treatment, as reflected by a non significant statistical day Â DTG interaction (F(6,78) ¼ 1.64, n.s.), and a significant pairwise difference between treatment groups on day 1. The difference between groups descriptively appeared to increase across days of repeated DTG treatment, as shown in Figure 3 . The number of responses on the inactive lever was not significantly affected by DTG treatment (F(4,40) ¼ 2.57, n.s.; number of inactive lever presses in Veh vs DTG group, respectively, baseline: 1.29 ± 0.42 and 1.63±0.65, day 7: 0.50±0.38 and 2.00±0.93).
Repeated DTG Administration Increases Saccharin and Sucrose Self-Administration (Fixed Ratio 1)
Repeated treatment (7 days) with the s-receptor agonist DTG (15 mg/kg, twice a day) increased saccharin intake (day Â DTG: F(6,54) ¼ 180.72, p ¼ 0.0001; DTG: F(1,9) ¼ 0.09, n.s.; day: F(6,54) ¼ 174.91, p ¼ 0.0001), as well as sucrose intake (day Â DTG: F(6,54) ¼ 4.09, p ¼ 0.002; DTG: F(1,9) ¼ 18.01, p ¼ 0.002; day: F(6,54) ¼ 7.29, p ¼ 0.000) in sP rats under an FR1 schedule of reinforcement (Table 3) . Post-hoc comparisons showed that DTGtreated rats consumed significantly more saccharin than vehicle-treated rats beginning from day 2 of treatment, and sucrose from day 4. Water intake was not significantly affected by DTG treatment (Saccharin, DTG: F(1,9) ¼ 4.81, n.s.; day Â DTG: F(6,54) ¼ 0.51, n.s.; Sucrose, DTG F(1,9) ¼ 1.89, n.s.; day Â DTG: F(6,54) ¼ 1.16, n.s.).
DTG was administered twice daily, with the morning drug treatment preceding the self-administration session by at least 4 h, thereby reducing possible acute effects of the drug.
Repeated DTG Treatment Increases l-and d-Opioid Receptor mRNA in the Ventral Tegmental Area
Repeated treatment with the s-receptor agonist DTG in ethanol-naive sP rats induced a significant increase in the Effect of repeated subcutaneous pretreatment (twice a day for 7 days) with the s receptor agonist DTG on water self-administration (concurrent to ethanol) on a fixed-ratio 1 schedule of reinforcement in sP rats during 60-min sessions (n ¼ 8/group). Data represent mean±SEM intake (ml) normalized for body weight. No significant effects on water self-administration were observed.
Figure 2 Effect of pretreatment with the selective s-receptor antagonist BD-1063 (À15 min) on DTG-induced increase in alcohol self-administration on a fixed-ratio 1 schedule of reinforcement in sP rats (n ¼ 8/group). Data represent the cumulative (7 days) mean ± SEM intake normalized for body weight. **po0.01 vs vehicle-treated group, ## po0.01 vs DTGtreated group (Dunnett's test). Figure 1 Effect of repeated subcutaneous pretreatment (twice a day for 7 days) with the s-receptor agonist DTG on alcohol self-administration on a fixed-ratio 1 schedule of reinforcement in sP rats during 60-min sessions (n ¼ 8/group). Data represent mean±SEM intake normalized for body weight. The inset shows the blood alcohol levels of the two groups during day 8 of DTG administration, 25 min into the self-administration session. *po0.05, **po0.01, ***po0.001 vs vehicle-treated group (Student's t test).
r agonist DTG induces binge-like drinking V Sabino et al levels of mRNA for both the m-and d-opioid receptors in the VTA, as shown in Figure 4 (Oprm1: F(2, 23) ¼ 3.49, po0.05; Oprd1: F(2, 22) ¼ 4.69, po0.05). In contrast, k-opioid receptor mRNA levels were not significantly altered (Oprk1: F(2, 22) ¼ 0.80, n.s.). Post-hoc comparisons showed that the levels of the transcripts were significantly increased in rats treated repeatedly, but not acutely, with DTG, as compared with vehicle-treated rats.
Changes in the levels of mRNA for the opioid receptors were not observed in the NAcc (Oprm1: F(2, 23) ¼ 0.29, n.s.; Oprd1: F(2, 23) ¼ 2.86, n.s.; Oprk1: F(2, 23) ¼ 1.96, n.s.). A trend toward a reduction in the levels of mRNA for the d-opioid receptor could be observed in the NAcc of the acutely treated rats (p ¼ 0.077).
DISCUSSION
The main finding of the present study was that the s-receptor agonist DTG, administered repeatedly to sP rats, induced binge-like drinking and increased the breakpoint to work for alcohol, indicating that the treatment potentiated the reinforcing effects of ethanol. The binge-like drinking induced by DTG was prevented by pretreatment with the selective s-1 receptor antagonist BD-1063, indicating a s-1 receptor mechanism of action. The s-receptor agonist DTG, administered repeatedly to sP rats, also dramatically increased saccharin and sucrose consumption, indicating that the treatment potentiated the reinforcing effects of sweet solutions with and without calories. Our finding that the s-receptor agonist potentiated the reinforcing efficacy of ethanol and led to binge-like ethanol intake is consistent with earlier findings that s-receptor agonists enhance ethanol-induced CPP (Maurice et al, 2003) , and that s-receptor antagonists can reduce excessive ethanol intake and the reinforcing effects of ethanol in both genetic and environmental models of high ethanol intake (Sabino et al, 2009a, b) . Repeated administration of DTG also increased the mRNA expression of m-and d-opioid receptors in the VTA of ethanol-naive sP rats. The results collectively support an important facilitatory role for brain s-1 receptors in excessive ethanol intake and reinforcement.
Under an FR1 schedule of reinforcement, the rats treated with DTG progressively increased their ethanol intake, reaching statistical significance beginning from day 4 of treatment. DTG-treated rats achieved an intake of 2 g/kg of unsweetened 10% ethanol over 60 min by day 6 of treatment. The increased self-administration of rats treated with DTG resulted in blood alcohol levels that exceeded 80 mg%, and can therefore be characterized as 'binge-like', according to the definition provided by the National Institute on Alcohol Abuse and Alcoholism (NIAAA, 2004) , as drinking occurred within a 60-min time frame. Importantly, treatment of animals with s-receptor agonists might represent a new method to induce binge drinking in laboratory animals, which historically has been difficult to achieve. Studies in outbred rats, with or without a history of ethanol dependence, are needed to establish the generality of the phenomenon. Day 7 76.4 ± 13.4 166.5 ± 9.8*** Effect of repeated subcutaneous pretreatment (twice a day for 7 days) with the s receptor agonist DTG on saccharin (0.04% w/v, left) or sucrose (1.5% w/v, right) self-administration on a fixed-ratio 1 schedule of reinforcement in sP rats during 60-min sessions (n ¼ 5-6/group). Data represent mean±SEM intake of the number of lever presses. *po0.05, **po0.01, ***po0.001 vs vehicle-treated group (Student's t test).
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To our knowledge, few other drugs have been shown to increase ethanol intake in animal models, and these include morphine (at low doses; Herz, 1997) and related m-receptor agonists (Sabino et al, 2007) , cannabinoid agonists such as WIN55212-2 (Colombo et al, 2002; Colombo et al, 2005) and, under some paradigms, nicotine (Lopez-Moreno et al, 2007; Lopez-Moreno et al, 2004) . In addition, benzodiazepines have been shown to facilitate ethanol self-administration in rats (Deutsch and Walton, 1977) , as well as low doses of gabapentin (Roberto et al, 2008) .
A PR schedule of reinforcement was also used in this series of studies. Under PR reinforcement schedules, ratio requirements increase with subsequent reinforcer deliveries, and the influence of local response rates on performance are reduced. DTG dramatically increased the breakpoint, an objective measure of the effort an animal will expend to obtain a reinforcer that is sensitive both to the subjects' incentive state and to the reinforcers' stimulus properties (Walker et al, 2008) . Thus, the s-receptor agonist increased not only ethanol intake, but also the work that rats would emit to obtain ethanol, indicating that s-receptor activation enhances the reinforcing value of alcohol. The PR results therefore clarify that the increase in FR responding following DTG indeed appear to reflect an increase in the reinforcing efficacy of ethanol, rather than decreased reinforcement as can sometimes be seen on simple FR schedules with other drugs of abuse (Caine and Koob, 1994; Maldonado et al, 1993) .
Rats treated with DTG showed an increase in their breakpoint by the first day of treatment, unlike what was observed on the FR schedule. One explanation of this apparent difference is that under FR conditions, tolerance may need to develop over several sessions in order for the rats to reach such high levels of ethanol intake and tolerate the associated blood alcohol levels. In contrast, under our PR schedule of reinforcement, blood alcohol levels are substantially lower and would not limit responding (personal observations). Such a limit on blood alcohol levels may explain why a significant increase in the motivation to obtain alcohol was observed by the first day of treatment, but a significant increase in daily ethanol intake under FR conditions was not observed until 4 days of treatment.
No effect on concurrent water self-administration (FR1) and no effect on responding on the inactive lever (PR) were observed following treatment with DTG, demonstrating the specificity of s-1 receptors agonist action on ethanol selfadministration and suggesting that there was no general non-specific stimulant-like effect. A number of previous reports showed a lack of any locomotor-enhancing effect of this and other s receptor agonists (Maurice et al, 2003; Romieu et al, 2000) .
To determine the selectivity of action of repeated DTG administration, we tested the effects of DTG on the self-administration of solutions of either saccharin or sucrose, equally reinforcing to the 10% alcohol solutions (same number of lever presses under vehicle conditions). The significant increase in self-administration of both sucrose (caloric) and saccharin (non-caloric) suggests that DTG increases the reinforcing efficacy also of non-drug reinforcers. In contrast, we demonstrated that s-receptor antagonists do not decrease saccharin or sucrose intake at doses effective at reducing alcohol intake. The discrepancy between the selectivity of s-antagonists and s-agonists may be because the dose and frequency of treatment with s-agonists used in the present study may have overstimulated the s-receptor system, creating a more pathological-like state characterized by a hyperfunctioning Figure 4 m-, d-and k-opioid receptor mRNA expression in the ventral tegmental area (top panels) and in the NAcc (bottom panels) of ethanol-naive Sardinian alcohol-preferring (sP) rats treated with vehicle or acutely or chronically with DTG (n ¼ 8-9/group). Rats were killed 4-5 h after the last treatment. Data represent mean±SEM expressed as percent of the vehicle-treated group. *po0.05 vs vehicle-treated rats (Dunnett's test).
r agonist DTG induces binge-like drinking V Sabino et al of the s-receptor system. It is also worth mentioning that one of the few drugs currently approved for the treatment of alcohol-related disorders, naltrexone, reduces not only the intake of alcohol, but also that of sweet solutions, suggesting that absolute selectivity may be a characteristic very much desired for a treatment but not always indispensable.
Consistent with this hypothesis, the effects observed on the intake of sweet solutions are consistent with our proposed mechanism of action involving m-and d-opioid receptors (see below for a more detailed discussion). Endogenous opioids have in fact been implicated in the hedonic assessment of palatability and opioid receptor agonists have been shown to increase the intake of palatable solutions and palatable food reward, effects likely mediated by the NAcc (Ruegg et al, 1997; Zhang and Kelley, 2002; Gosnell and Patel, 1993; Olszewski and Levine, 2007) . Nevertheless, as DTG increased also the intake of a non-caloric solution (saccharin), our data do not support the alternative hypothesis that DTG simply increases caloric intake.
The present effects of the s-receptor agonist DTG can be attributed to its actions at the s-receptor. DTG is highly selective for s-receptor over other binding sites, exhibiting at least 200-fold greater affinity for s receptors over N-methyl-D-aspartate (NMDA) and other receptors (Lever et al, 2006; Moison et al, 2003; Su, 1993) . In addition, the effects of DTG were blocked by BD-1063, a selective s-receptor antagonist (de Costa et al, 1993; Matsumoto et al, 1995) . Two subtypes of s-receptors have been identified, with the majority of studies implicating a role for the s-1 receptor subtype in altering the effects of drugs. However, some studies have also proposed a role of the putative s-2 receptor in modulating the dopamine system (Nuwayhid and Werling, 2006) and the effects of cocaine (Matsumoto and Mack, 2001 ). Although DTG is very selective for s-receptors, it does not discriminate between the two subtypes (binding affinity [Kd] for s-2 receptor: 21 nM; Moison et al, 2003) . The antagonist reversal study, however, suggests that the effect of DTG is mediated by the s-1 receptors, because the antagonist used F BD-1063 F is approximately 50-fold more selective for s-1 receptors over s-2 receptors (Matsumoto et al, 1995; McCracken et al, 1999) and was applied at a modest systemic dose of 4.4 mg/kg free base.
Our results showing that the s-receptor agonist potentiate the reinforcing efficacy of ethanol are broadly consistent with earlier findings that s-receptor agonists enhance ethanol-induced CPP (Maurice et al, 2003) , another procedure used to assess (albeit indirectly) the reinforcing effects of drugs. Sigma receptor agonists also potentiate cocaine self-administration. The s receptor agonists DTG and PRE-084 were shown to be able to shift the cocaine selfadministration dose-effect curve leftward, indicating that the activation of s-receptors potentiates the reinforcing effects of cocaine (Hiranita et al, 2010) . In addition, the sreceptor agonists were able to maintain self-administration when substituted for cocaine, indicating the reinforcing effects of these compounds, at least in subjects trained to self-administer cocaine (Hiranita et al, 2010) . However, earlier findings show that s-receptor agonists do not produce place conditioning per se (Romieu et al, 2000; Romieu et al, 2002) .
One mechanism by which the s-receptor agonist increases the reinforcing effects of alcohol may involve the mesolimbic dopaminergic system. Selective s-receptor ligands can potently modulate dopaminergic systems directly or indirectly through the modulation of the NMDA receptors. Sigma receptor agonists and antagonists affect dopamine synthesis, release, uptake, and metabolism in several motivation-relevant brain regions, including the striatum, NAcc, and hippocampus (Ault et al, 1998; Chaki et al, 1998; Gonzalez-Alvear and Werling, 1994; Gudelsky, 1999; Matsuno et al, 1995; Thompson et al, 2001; Weiser et al, 1995) . Repeated administration of s-receptor agonists increases the firing activity of dopaminergic neurons, including the A10 dopaminergic pathway (Ceci et al, 1988; Iyengar et al, 1990; Sanchez-Arroyos and Guitart, 1999; Zhang et al, 1993) , and intravenous administration of s-receptor agonists increases extracellular dopamine levels in the NAcc shell .
Our results are also consistent with earlier findings from our laboratory showing that s-receptor antagonists are able to selectively reduce excessive drinking in genetically selected alcohol-preferring rats, as well as in dependent outbred rats, whereas they do not affect non-dependent levels of drinking (Sabino et al, 2009a, b) . On the basis of these observations and the findings presented here, it is therefore likely that endogenous s-receptors are activated by, and may also help maintain, excessive levels of ethanol drinking.
The present findings suggest that repeated administration of s-receptor agonists also might facilitate ethanol's ability to activate the mesolimbic dopaminergic system by upregulating expression of m/d-opioid receptors in the VTA. The VTA is one of the key sites for the positive reinforcing effects of ethanol (Devine and Wise, 1994; Wise and Hoffman, 1992; Rodd et al, 2004) . Ethanol induces the release of b-endorphin (Herz, 1997; Jarjour et al, 2009), which is hypothesized to act on opioid receptors present on inhibitory GABA neurons in the VTA, leading to their inhibition. The resulting disinhibition of the dopaminergic projection from the VTA to the NAcc facilitates terminal dopamine release (Herz, 1997). b-endorphin has similar affinity for m-and d-opioid receptors (Mansour et al, 1995) , and it has been shown that b-endorphin-induced place preference and b-endorphin-induced dopamine release in the NAcc each involve both m-and d-receptors (Bals-Kubik et al, 1990; Spanagel et al, 1990b) . In this context, it is noteworthy that repeated DTG increased the transcription of both m-and d-opioid receptors in the VTA of ethanolnaive rats. We hypothesize that the action of DTG on ethanol may be mediated by the s-receptor agonist-induced upregulation of opioid receptors in the VTA, which would lead to an increased inhibition of inhibitory GABA neurons in the VTA and thereby disinhibition of mesolimbic VTANAcc dopaminergic pathway. Note that such an increase in mesolimbic dopamine activity through a s-receptor/opioid interaction may be more 'modulated' than that observed with administration of a psychostimulant drug as there is no evidence of a psychostimulant-like effect with DTG.
The increase in opioid receptor expression in the VTA would hence be responsible for the excessive alcohol intake seen after administration of DTG; this hypothesis is consistent with several additional earlier observations. First, downregulation of the m-opioid receptor by RNA interference in the VTA reduces ethanol consumption (Lasek et al, 2007) . Second, the d-opioid agonist DPDPE is self-infused into the VTA (McBride et al, 1999) , Third, r agonist DTG induces binge-like drinking V Sabino et al intracerebroventricular administration of DPDPE dosedependently induces an increase in the release of dopamine in the NAcc (Di Chiara and Imperato, 1988a, b; Spanagel et al, 1990a, b) . Finally, systemic administration of selective m-and d-opioid receptor antagonists, as well as the novel d-opioid receptor antagonist SoRI-9409 has been recently shown to decrease heavy-drinking in rats (Krishnan-Sarin et al, 1995; Le et al, 1993; Nielsen et al, 2008) . On the basis of this literature, the upregulation of m-and d-opioid receptors in the VTA by DTG could contribute to the ability of the s-receptor agonist to induce binge-like drinking. Importantly, we hypothesize that hyperactivity of the endogenous s-receptor system gives rise to excessive rates of ethanol self-administration, and therefore the effects we saw in the VTA may reflect the type of plasticity seen with chronic activation of the s-receptors. However, a recent report describing the protective effects of d-opioid receptor expression in the VTA against excessive alcohol intake seems to contradict this hypothesis (Margolis et al, 2008) . As the experiment was carried out in ethanol-naive rats, the increase in the expression of m-and d-opioid receptors following chronic DTG administration cannot be a consequence of the increased alcohol self-administration. It is also worth mentioning that, like every selective s-ligand, DTG does not compete for any of the opioid receptors and, therefore, the gene expression change observed cannot be a result of a direct effect of the drug on the opioid receptor system. However, it cannot be excluded that a cross-talk between the two systems is occurring. In fact, in a recent study, Pasternak and collaborators showed that the s-receptor can physically interact with the m-opioid receptor (co-immunoprecipitation) (Kim et al, 2010) .
In summary, our finding that pharmacological activation of s-receptors enhances the reinforcing effects of alcohol and can induce binge-like drinking, coupled with our earlier findings that s-receptor antagonist can reduce ethanol reinforcement and excessive drinking (Sabino et al, 2009a, b) , supports the hypothesis that the s-receptor system has a key role in the reinforcing properties of alcohol. The results showing that pharmacological activation of s-receptors can also enhance the reinforcing effects of non-caloric and caloric sweet solutions suggest a more general motivational action of the s-system. The results thus implicate s-receptor activation in excessive drinking and possibly binge-like behavior in general.
